Toxoplasma gondii is a protozoan parasite capable of invading immune cells and coopting their migratory pathways to disseminate through the host. Natural Killer (NK) cells can be directly invaded by the parasite and this invasion alters NK cell migration, producing a hypermotile phenotype. However, the consequences of this hypermotile phenotype for the dissemination of T. gondii to the brain remain unknown. To address this, C57BL6/J mice were infected with freshly egressed tachyzoites (type II Prugniaud strain) or with parasitized NK cells. Under both conditions, parasite loads in the brain were comparable, indicating that parasitized NK cells were not able to facilitate spread of T. gondii to the brain. Consistent with this, we found no evidence for the recruitment of endogenous NK cells to the brain at early time points post-infection, nor any changes in the expression of α4β1 integrin, involved in recruitment of NK cells to the brain. We therefore found no evidence for a role for hypermotile NK cells in delivery of parasites to the brain during acute infection with T. gondii.
| INTRODUC TION
The apicomplexan parasite, Toxoplasma gondii (T. gondii), causes major public health problems worldwide in immunocompromised people and the developing foetus. 1 Following ingestion of the parasite by the host, T. gondii is initially found in the intestine, before rapidly spreading to the lymphoid tissues (draining lymph nodes and spleen) and finally crossing the blood-brain barrier to establish chronic infection in the brain. 2 As an obligate intracellular pathogen, T. gondii, and more particularly the invasive tachyzoite form, is able to survive and replicate in any nucleated cell, including immune cells. Previous studies have demonstrated that the parasite can utilize immune cells as "Trojan Horses" to disseminate throughout the host. 3 For example, when parasitized dendritic cells (DCs) were administered intraperitoneally to naïve mice, parasite loads in the brain increased more rapidly than in mice given free tachyzoites, with the greatest differences observed at 4 days post-inoculation. 4 Similarly, tachyzoites were observed within CD11b+ blood cells which, upon adoptive transfer, could establish infection in the brain. 5 The authors describe these CD11b+ cells as monocytes, although it is worth noting that other blood leucocytes, including Natural Killer (NK) cells, express CD11b.
T. gondii may exploit the natural migratory pathways of host cells, or actively manipulate host cell migration to augment spread. In vitro studies have shown that parasitized DC displays rapid cytoskeletal remodelling, induction of a hypermotile phenotype and enhanced transmigration across endothelial monolayers. 4, 6, 7 It is therefore reasonable to suggest that T. gondii is transported across the bloodbrain barrier within host immune cells. However, more recent studies reveal that free tachyzoites are present in blood, and in the endothelium of brain, suggesting that the motile extracellular form of the parasite may be capable of crossing blood-brain barrier without assistance of host cells. 8 Nevertheless, host immune cells may play an important role in the dissemination from the site of infection to the bloodstream, or in the delivery of parasites to the brain vasculature. 
| Single-cell suspension and flow cytometry
Spleens and brains were harvested and washed in PBS. A single-cell suspension was obtained using 70 μm cell strainers. 
| DNA extraction and Q-PCR
For the detection of T. gondii, mice were killed by cervical dislocation; spleens and brains were rapidly harvested and were directly snap-frozen on dry ice. Organs were individually homogenized in ceramic bead tubes (Precellys) and genomic DNA was extracted using 
| Statistical analysis
Data are expressed as means ± SEM and were analysed using Prism These time points were selected as they coincide with the earliest infiltration of T. gondii into the brain, when we might expect immune cell-mediated trafficking to be important. 4 The percentage of NK cells in the spleen decreased from 3.75% in noninfected animals to 1.96% in infected animals after 4 dpi and from 3.6% to 1% after 7 dpi ( Figure 1A ,B), suggesting that NK cells may have migrated away. This is consistent with other T. gondii infection models 12, 23 and with the idea that inflammation induces mobilization of NK cells from storage depots in the spleen to the blood and inflamed tissue. 24 However, after 4 or 7 dpi, the percentage of NK cells was similar in the brain of noninfected and infected animals ( Figure 1B ). These data demonstrate that there was no increase in the presence of NK cells in the brain and associated vasculature early after infection.
| Expression of α2β1, but not α4β1 is modulated following infection
Although we found no evidence for the infiltration of NK cells into the brain and associated vasculature early after infection, the decreased percentage of NK cells in the spleen of infected animals suggested that NK cells migrate differently after T. gondii infection.
Integrins play an important role in cell adhesion and migration. Figure 1C ). α2 expression on NK cells remained significantly higher in T. gondii-infected mice compared with noninfected animals at d7 dpi ( Figure 1C) . However, α4 expression on NK cells was similar between infected animals and noninfected animals ( Figure 1C ), consistent with the lack of NK cell accumulation observed in the brains of infected animals ( Figure 1B ).
| Integrin expression is unchanged in parasitized NK cells
We have previously shown that parasitized NK cells migrate differently to bystander NK cells in lymphoid tissues and that integrin clustering is impaired in these cells. 20 Therefore, although the changes we observed in integrin expression in the bulk NK cell population were not consistent with migration to the brain ( Figure 1B,C we found that 30%-77% of NK cells were directly invaded by the parasite as determined by GFP in NK cells (Figure 2A ). This range is in accordance with recently published data. 28 We then assessed the expression of the three integrin subunits α2, α4 and β1 after direct invasion of NK cells with the parasite. After infection, α2, α4
and β1 expressions were similar between the invaded NK cells and "bystander" NK cells ( Figure 2B ). There were also no differences between the naïve NK population and the invaded NK cells ( Figure 2B ), suggesting that α2β1 and α4β1 integrin expressions on NK cells were unchanged after direct invasion with the parasite. Figure 2A ) and checked for their weight loss at different time post-infection ( Figure S1 ). At 4 dpi, parasite DNA was detectable in the spleen of all mice infected with parasitized NK cells, and 5 of 6 mice infected with free tachyzoites (Figure 3A) . At 7 dpi, parasite DNA levels in the spleen were comparable between mice given free tachyzoites, and mice given parasitized NK cells ( Figure 3A) . Figure 3D ). However, by 7 dpi, parasites were detected in the brains of 3 of 6 mice infected with either free tachyzoites or parasitized NK cells but no significant differences were observed in the parasite burden between the two groups ( Figure 3D) . Moreover, the percentage of NK cells was similar in the spleens and the brains between the two groups at 4 and 7 dpi ( Figure S2 ). Overall, these findings demonstrate that T. gondii does not spread more efficiently to the brain when it has been contained within NK cells.
| Toxoplasma gondii does not spread more efficiently to the brain when contained within NK cells

| D ISCUSS I ON
Despite their protective role during parasitic infections, recent evidence indicates that NK cells can be directly invaded by T. gondii. 19, 20 T. gondii-invaded NK cell are not efficiently targeted for destruction by other NK cells and are hypermotile. 19, 20 This may allow the parasite to use NK cells to protect themselves from immune mediated Using two-photon microscopy of living tissue from T. gondiiinfected mice, we have previously shown that T. gondii-infected NK cells showed faster, more directed and more persistent migratory behaviour when compared with uninfected "bystander" NK cells. 20 Contrary to DCs, the hypermotile phenotype in NK cells is observed only in tissues, and not in simplified in vitro assays. 36 Therefore, while NK cell hypermotility clearly occurs in vivo during natural infections, it has been challenging to determine the mechanism underlying this hypermotile phenotype. Following infection, NK cells formed α2-integrin-dependent contacts with collagen fibres, which reduced NK cell motility and played an important role in the retention of NK cells in foci of infection. 12 Consistent with this, we observe an increase in cell surface α2 on the total splenic NK cell population following infection. In contrast to the bulk NK cell population, parasitized NK cells become hypermotile, and we might therefore expect a decrease in α2 expression. 20 However, our analysis of in was also unchanged in in vitro parasitized NK cells. This is in direct contrast with an earlier study, which reported a down modulation of α4 integrin on infected macrophages. 37 Instead, the parasite may modulate integrin activity or signalling in host cells. Consistent with this, we and others have described impaired clustering of integrins in parasitized immune cells. 2, 20 Determining how the parasite achieves this may give clues to the general principles governing NK cell migration, allowing for therapeutic manipulation in other disease settings.
If NK cells are not involved in shuttling parasite to brain, does parasite derive any benefit for invading NK cells? A recent study showed that direct invasion with T. gondii could also impaired NK cell effector function. 28 Consistent with this, we have previously found impaired clustering of the integrin LFA-1, involved in NK cell cytotoxicity, in parasitized NK cells. 20 We can speculate that invasion of NK cells by the parasite leads to impaired formation of lytic contacts. However, in physiological models of T. gondii infection, the percentage of invaded NK cells is very low suggesting that impaired capacities of parasitized NK cells are negligible for the outcome of the infection.
In conclusion, we find no evidence for a role for NK cells in early shuttling of T. gondii to the host brain. Nevertheless, it will be of interest to determine the molecular mechanisms underlying parasiteinduced changes in NK cell migration so that we may modulate NK cell homing in other disease settings. Voucher Scheme. The funders had no role in study design, data collection or analysis, decision to publish or preparation of the manuscript.
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